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Inelastic tunneling spectroscopy~IETS! measurement using scanning tunneling microscopy~STM!
with a commercially available STM set up is presented. The STM–IETS spectrum measured on an
isolated trans-2-butene molecule on the Pd~110! shows a clear vibrational feature ind2I /dV2 at the
bias voltage of 360 mV and2363 mV, which corresponds to then~C-H! mode (d2I /dV2
;10 nA/V2). In addition, we have obtained an image by mapping the vibrational feature ofn~C-H!
in d2I /dV2. The image is obtained by scanning the tip on the surface with the feedback loop
activated while the modulation voltage is superimposed on the sample voltage. With the method that
is readily performable with conventional software, we have clearly differentiated the molecules of
trans-2-butene and butadiene through the mapping of the vibrational feature, demonstrating its
capability of chemical identification in atomic scale. ©2004 American Institute of Physics.
@DOI: 10.1063/1.1710863#
Inelastic tunneling spectroscopy~IETS! using scanning
tunneling microscope~STM! has attracted attentions as an
ultimate tool for chemical identification in a nanometer scale.
STM–IETS to measure the vibrational state of individual
molecules has been originated by pioneering works by Wil-
son Ho’s group,1,2 in which STM instruments specially de-
signed for this measurement have been used.3 Though vibra-
tional features have been clearly revealed in an atomic scale,
their behavior is much more complicated than that has been
measured with the conventional IETS.4–6 Thus, to fully un-
derstand the basic mechanism of the STM-IETS, it is quite
important to apply this technique for various combinations of
molecules and surfaces.
In that sense, we believe it is also quite important to
evaluate how a good quality of STM-IETS spectra can be
obtained with a commercially available instrument and stan-
dard software set-up. In this Communication, we will report
on the STM–IETS measurement with a commercially avail-
able STM. We have successfully obtained a sharp peak de-
rived from n~C-H! stretch mode on a trans-2-butene mol-
ecule (C4H8) on the Pd~110!. In addition to a STM–IETS
measurement on a single point of the surface, we have
mapped the vibrational feature using a conventional STM
set-up, which enables the simultaneous observation of the
topographic image and the mapping of vibrational features.
A clean Pd~110! surface was prepared by the standard
cleaning technique,7 and the molecules~99% purity! were
dosed through a dosing tube located close to the sample sur-
face at the substrate temperature below 50 K. All experi-
ments were performed using a commercially available low-
temperature STM ~LT–STM, Omicron GmbH! in an
ultrahigh vacuum chamber (,3310211 Torr). The tempera-
ture of the Pd~110! surface was maintained at 4.8 K both for
imaging and IETS measurement. BothdI/dV and d2I /dV2
are obtained using the standard method with the use of the
lockin amplifier~LI5640, NF Corp., JAPAN!. The adsorption
configuration and the STM imaging of the trans-2-buten
molecule and the butadiene molecule on the Pd~110! surface
have been discussed in our previous report.8–11
First we measure the STM–IETS spectra of the molecule
of trans-2-butene on the Pd~110!. In Fig. 1, we show the
variation of the sample voltage~a!, tunneling current~b!, the
output of the lockin amplifier of the harmonic component
~c!, and the second harmonic component~d! as a function of
the time. The sample voltage is varied in the range between
2400 mV and 400 mV, on which modulation voltage (Vpp
515 mV andn5797 Hz) is superimposed. The time con-
stant of the lockin amplifier is set at 100 ms, and the phase is
fixed at f50° and290° for the detection ofn component
~corresponding todI/dV) and 2n components (d2I /dV2),
respectively.
The time period of;200 s corresponds to a cycle of the
measurement. All graphs shown in Fig. 1 correspond to the
average of 16 cycles of the measurements. At the beginning
of each cycle, the tip is moved to the position within the
molecule which gives the maximum intensity in the topo-
graphic image. Then the gap distance is set with the condi-
tions of Vs50.1 V andI t50.25 nA, and the IETS measure-
ment is started with turning off the feedback-loop.
The current variation in Fig. 1~b! is quite linear; Ohmic
behavior ofI -V character indicates that the tip is free from
the contamination. Thed2I /dV2 variation of Fig. 1~d! shows
sharp features at the positions of the arrows. The graphs
should be symmetric with the folding at theVs52400 mV
andVs5400 mV, by the rule which we can check the repro-
ducibility of the measurements and the possible delay of the
response of the lockin amplifier for a given time constant.
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The results shown in Fig. 1~d! satisfy these conditions fairy
well.
The calibration of the y axis in Figs. 1~c! and 1~d! has
been done in the following way. The averaged slope of the
I -V curve is obtained from Figs. 1~a! and 1~b!, by which the
y axis of Fig. 1~c! can be calibrated. Next the result of Fig.
1~c! is numerically differentiated and is compared with Fig.
1~d! to calibrate the y axis of Fig. 1~d!.
Figure 2 showsd2I /dV2 versusV curves obtained on the
trans-2-butene molecule~solid line! and on the bare Pd~110!
surface~dotted line!. These two curves are obtained in suc-
cession and there is no considerable change in the conditions
of the tip. The sharp features at the sample bias ofVs
52363 mV andVs5360 mV can be identified only in the
spectrum obtained on the molecule. The former appears as a
dip and the latter is a peak, which satisfies one of the condi-
tions for assigning them to vibration-induced features. The
prominent features atVs52363 mV and Vs5360 mV
should correspond to the C-H stretch mode,n~C-H!.11 The
intensity of the positive peak is;9.5 nA/V2 and the full-
width-half-maximum is;12 mV. Though there are several
vibrational modes considered at the low energy region, they
are not as obvious as then~C-H! component.
The mapping of the vibration peaks is expected to give
further information in addition to the one obtained on a
single point of the surface. Moreover, the mapping capability
is indispensable for the expected application of this tech-
nique to the study of large molecules including bio mol-
ecules. An excellent example can be seen in the mapping of
n~C-D! feature obtained on HCCD~partially deutrated acety-
lene!, which has clearly shown that the excitation of this
mode is spatially localized.
In the experiment, the mapping has been obtained by
measuringd2I /dV2 intensity at the grid points of a mesh of
the surface with feedback loop deactivated.12 Thus the feed-
back loop should be turned on and off with the movement of
the tip between the grid points. Probably not many commer-
cially available softwares support this technique.
Instead we have tried to obtain the mapping ofd2I /dV2
intensity with a method that can be performed with conven-
tional software. In our method, the tip scans the surface with
the feedback loop activated while the modulation voltage is
superimposed on the sample voltage. The current signal is
put into the lockin amplifier and the output signal from the
lockin amplifier of the second harmonic component is re-
corded in an additional channel in the STM software. Thus
the topographic image and thed2I /dV2 image are obtained
simultaneously.
There are several requirements for the measurement con-
ditions. First the frequency of the modulation voltage is high
enough so that the feedback loop for the topographic imag-
ing cannot response. Second the time constant of the lockin
amplifier should be lower than the value that is determined
by the lateral scan speed of the tip. Often the time constant is
required to be smaller than that the one used for the single-
point STM–IETS which is not favorable for the signal to
noise ratio. Due to the short averaging time, the vibrational
features detectable with this mapping technique are limited
to the ones with strong intensity and the detection limit
should be inferior to the ones with the method shown Ref. 12
where the mapping is obtained with feedback off condition at
each point. Nevertheless the convenience of the current mea-
surement technique should make the detection of the sites
with prominent vibrational features easier. The delay of the
response of the lockin amplifier can be easily checked by
comparing thed2I /dV2 mapping obtained in the forward and
the backward scanning of the tip.
We demonstrate this technique for the recognition of a
single molecule. We execute the simultaneous observation of
the topographic image and the vibrational mapping on the
surface where both the trans-2-butene molecules and butadi-
ene molecules are co-adsorbed. The bias voltage is set at
Vs5360 mV, which gives the maximum ind
2I /dV2 for the
trans-2-butene molecule, and the tunneling current is set at 1
nA. Modulation voltage (Vpp518 mV, 797 Hz! is superim-
posed on the sample bias. A scanning from left to right takes
FIG. 1. Variation of sample bias~a!, tunneling current~b! the output of
lock-in amplifier of the harmonic~c!, and the second harmonic component
~d! as a function of the time in the measurement of the STM–IETS on a
trans-2-butene molecule on the Pd~110!. All graphs are the average of 16
cycles of the measurements~ ee text!. The arrows indicate sharp features
corresponding to then(C-H) vibrational mode.
FIG. 2. Thed2I /dV2 vs V spectra obtained on a trans-2-butene molecule
~solid curve! and on the bare Pd~110! surface~dotted curve!.
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10 s. The time constant of the lockin amplifier is set at
30 ms.
The topographic image is shown in Fig. 3~a!. The area
contains two trans-2-butene molecules and one butadiene
molecule, which are labeled by T and B, respectively. The
trans-2-butene molecule appears as a dumbbell shaped
protrusion.8,11 The separation of the two protrusions ob-
served within the molecule is less prominent than the one
obtained with smaller bias voltages (Vs5100 mV).
11 The
butadiene molecule is observed as an oval shaped protrusion.
The frequency of the modulation is high enough for the feed-
back loop setup, and we observe no effect of the modulation
voltage on the topographic image.
The mapping of the vibrational feature shows clear in-
crease in thed2I /dV2 at the positions of the trans-2-butene
molecules. As is indicated by the color index, the maximum
d2I /dV2 intensity is ;10 nA/V2 that is close to the value
obtained in Fig. 2. The positions of the feature obtained in
the forward scan and in the backward scan show little
change, which indicates the combination of the scan speed
and the time constant of the lockin amplifier is adequate.
However, we cannot identify any characteristic feature at the
position corresponding to the butadiene molecule. This is
consistent with our previous report. In spite of the existence
of C-H bond in the butadiene molecule, then~C-H! feature is
hardly observed on the butadiene molecule. The mechanisms
of the appearance and the absence ofn~C-H! mode in the
STM–IETS measurement for these molecules are still
controversial.11 Similar case was reported by Lauhanet al.
the C-H stretching mode has a surface normal component,
but is not observed for benzene molecule on Cu~100! where
the benzene C-H stretching mode has no surface normal
component.13
As a reference we show the mapping ofd2I /dV2 ob-
tained atVs5300 mV in Fig. 3~c!. In this image no features
are observed neither for the trans-2-butene molecules nor the
butadiene molecules. Those results clearly indicate that the
chemical sensitive molecule recognition is possible by using
this simpled2I /dV2 mapping techniques.
In conclusion we have performed STM–IETS measure-
ment using a commercially available STM and its software.
On the trans-2-butene molecules on the Pd~110!, a sharp fea-
ture (FWHM;12 mV) is clearly observed which corre-
sponds to then~C-H! vibrational mode with the intensity of
d2I /dV2;10 nA/V2. In addition to a single point STM–
IETS measurement, the mapping of vibrational features is
performed ~demonstrated!. The technique used there is
readily performable with conventional software; the tip scans
the surface with feedback loop activated and~with a! small
modulation voltage superimposed on the sample bias. Topo-
graphic data and the second harmonic output from the lockin
amplifier are monitored simultaneously. The mapping of the
n~C-H! vibrational mode clearly distinguishes the molecules
of trans-2-butene and butadiene. The result demonstrates the
capability of this technique to perform chemically sensitive
molecular recognition.
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FIG. 3. ~Color! Simultaneous observation of the topographic image~a!, and
the mapping ofd2I /dV2 intensity~b!, on the surface which contains both of
trans-2-butene~label T! and butadiene~label B! molecules. The tip scans the
area with the feedback-loop on~tunneling conditions of Vsample
5360 mV and I tunnel51 nA, area 43 43 Å2) The color bar index for
d2I /dV2 intensity corresponds to the range from 0 to 10 nA/V2. No image
processing such as Fourier transfer process is executed.~c! A reference
image ofd2I /dV2 mapping obtained atVsample5300 mV which shows no
obvious structures at the positions of the molecules.
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